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Dynamic activities of CX, p, and screw dislocations in a GaP crystal containing sulphur as the 
main impurity at a concentration of 7X 10” cmm3 are investigated as a function of stress and 
temperature by means of the etch pit technique. Generation of all types of dislocations from a 
surface scratch is found to be suppressed at temperatures higher than 500 “C and is interpreted 
in terms of dislocation locking due to impurities and/or impurity-defect complexes as has been 
observed in GaAs and InP. a dislocations move faster than B and screw dislocations and their 
velocities are expressed with the same type of empirical equation as a function of the stress and 
the temperature as those in other semiconductors. Roughly speaking, dislocations in GaP move 
at velocities lower than those in GaAs by about two orders of magnitude. 
I. INTRODUCTION II. EXPERIMENT 
In III-V compound semiconductor crystals with 
sphalerite structure, three basically different types of dis- 
location exist, namely, a, p, and screw dislocations. It has 
been established that the dynamic activities of dislocations 
depend on type of dislocations, on material, and also on 
impurities as reported in detail by the present authors for 
GaAs and InP.tA Such knowledge is now applied in grow- 
ing crystals of low dislocation densities or even those free 
from dislocations. However, little is known about the dy- 
namic characteristics of dislocations in GaP. Maeda and 
Takeuch? reported temperature-dependent motion of only 
a dislocations and Boehnke and Paufler6 observed that a 
dislocations moved much more easily than other types of 
dislocations. 
GaP has attracted keen interest as a material for var- 
ious kinds of optoelectronic devices such as light-emitting 
diodes. Dislocations are known to degrade the lumines- 
cence efficiency of such devices.’ Thus, efforts are being 
made in growing GaP crystals that are free from disloca- 
tions’ or of low densities of grown-in dislocations.’ Dislo- 
cations are introduced into a crystal by generation followed 
by multiplication under stress. Such processes are con- 
trolled by the dynamic nature of dislocations. Few stud- 
ies’&14 so far have been done on the characteristics of mac- 
roscopic deformation of GaP at elevated temperatures. 
In a previous article,t3 the present authors have de- 
duced the dynamic properties of individual dislocations 
from an analysis of the macroscopic deformation charac- 
teristics of Gap. It is more effective, however, to clarify the 
dynamic characteristics of individual dislocations in GaP 
under stress by means of direct observations. It is interest- 
ing from a fundamental point of view to know the details of 
the dynamic activities of dislocations in GaP in compari- 
son with other III-V compound semiconductors. Further, 
such knowledge can lead to a means for suppressing the 
degradation of optoelectronic devices. 
Specimens were prepared from an n-type crystal, the 
free carrier concentration of which was 3.3 x 10” cmm3, 
grown by the liquid encapsulated Czochralski technique. 
The crystal was the same as that investigated in our pre- 
vious article.13 The main impurities were determined to be 
S and Si at concentrations of 7~ 10” and 4x lOi cme3, 
respectively, by chemical analysis with absorption spec- 
troscopy. Specimens were finished into a rectangular 
shape, approximately 2 x 3 x 15 mm3 in size, with the long 
axis along the [ilO] direction and side surfaces parallel to 
the (111) and ( 113) planes. The surfaces were chemically 
polished with hot aqua reagent. The specimen was stressed 
at elevated temperature by means of three-point bending in 
a vacuum. The bending axis was chosen to be parallel to 
the [llz] direction for the observation of the motion of a 
and fi dislocations and the [l 1 l] direction for the observa- 
tion of the motion of screw dislocations. Dislocations were 
genera_ted from a scratch drawn on the ( 111) surface along 
the [l lo] direction at room temperature with a diamond 
stylus. Displacements of dislocations generated from the 
scratch during stressing were measured by the etch pit 
technique with the RC-1 etchant.15 The specimen surface 
was very smooth after stressing as determined by observa- 
tion with an optical microscope. Therefore we assume that 
the effect of thermal decomposition of the GaP surface was 
not serious enough to affect the experimental results. The 
geometry of the specimen as well as the details of experi- 
mental procedure are described in previous articles.lm3 
HI. RESULTS 
This article reports the dynamic activities of disloca- 
tions in GaP investigated by means of the etch pit tech- 
nique. The results are compared with those in GaAs and 
InP. 
Figure 1 shows the distribution of dislocation etch pits - 
on the ( 111) surface of a specimen that was subjected to a 
resolved shear stress of 24 MPa at 650 “C! for 2 min. Linear 
arrays of etch pits emerging from the scratch in both the 
upward and downward directions are those of dislocations 
emitted from the scratch. It is easily verified from a geo- 
metrical consideration that dislocations that have moved in 
the upward direction are a dislocations while those that 
have moved in the downward direction are 0 dislocations. 
Here, fl dislocations are detected as larger etch pits in com- 
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FIG. 1. Dislocation etch pita developed around a scratch in GaP stressed 
at 650°C. 
parison with a dislocations by using the RC-1 etchant, 
similar to that found for GaAs. Dislocations are generated 
preferentially from the scratch. At temperatures higher 
than 500 “C, a critical stress has been observed to exist 
below which no dislocation generation takes place. This is 
similar to what has been reported by the present authors 
for impurity-doped GaAs and InP.“2,4 This critical stress 
for dislocation generation is found to depend on both the 
temperature of stressing and the type of dislocations to be 
generated, namely, whether they are of a, p, or screw type. 
Figure 2 shows the critical stresses for generation of a, 
fi, and screw dislocations as a function of the temperature. 
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FIG. 2. Temperature dependencies of the critical stress for the generation 
of (1, @, and screw dislocations in Gap. 
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FIG. 3. Velocities of a, p, and screw dislocations in GaP at (a) 450°C 
and (b) 550 “C as dependent on the resolved shear stress. ~.. 
The generation stress is low at low temperatures and in- 
creases’with increasing temperature for all types of dislo- 
cations in the temperature range higher than 500 “C. The 
generation stresses for a and fi dislocations are seen to be 
as high as approximately 10 MPa at 750 “C!. 
The distance travelled by the leading dislocation in an 
array under a given stress divided by the stressing duration 
is taken to be the velocity of the dislocation under that 
stress. The velocity was measured as a function of the tem- 
perature in the range between 350 and 750 “C! and of the 
resolved shear stress in the range between 2 and 24 MPa. 
Figures 3 (a) and 3 (b) show the velocities of a, p, and 
screw dislocations at 450 and 550 “C plotted against the 
resolved shear stress. As seen in the figure, the logarithm of 
the velocity is linear with respect to the logarithm of the 
stress for all of a, fl, and screw dislocations with almost the 
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PIG. 4. Velocities of CI, p, and screw dislocations in GaP under a resolved 
shear stress of 20 MPa plotted against the reciprocal temperature. 
same slopes at 450 “C. At 550 “C!, the velocity of a dislo- 
cations increases rapidly as the stress increases beyond the 
critical stress for the generation and seems to show a break 
at some high stress. From there, the velocity increases 
rather slowly with increasing stress at a rate almost the 
same as those of p and screw dislocations. Such a break 
was not detected at temperatures lower than 450 “C. The 
break stress is measured for all types of dislocations at 
higher temperatures where they show appreciable genera- 
tion stresses, as shown in Pig. 2. 
Figure 4 shows the velocities of a, fi, and screw dislo- 
cations under a stress of 20 MPa plotted against the recip- 
rocal temperature. The measured velocities under such a 
high stress are thought to be almost free from the influence 
of the existence of the generation stress of the dislocations. 
It is seen that a dislocations move faster than /3 and screw 
dislocations by more than one order of magnitude in the 
temperature range investigated. The velocities of p dislo- 
cations and screw dislocations are almost the same. 
The velocity u of dislocations in GaP can be well de- 
scribed with the following empirical relation as a function 
of the stress r and the temperature T in the stress range 
lower than 24 MPa and the temperature range lower than 
750 “C: 
u=u~(r/r~)~ exp( -Q/k,T), ( > 
where ro= 1 MPa and kB is the Boltzmann constant. The 
magnitudes of v,, m, and Q are given as follows: vo=2.1 











PIG. 5. Temperature dependencies of the critical stresses for generation 
of (z dislocations in Gap, GaAs, and InP doped with S impurity. Numer- 
als in the figure show the concentrations of S impurities in the crystals in 
a unit of cmm3. 
x lo2 m/s, m= 1.5, Q= 1.68 eV for p dislocations, and 
0,=5.6x lo2 m/s, m= 1.5, Q= 1.84 eV for screw disloca- 
tions. 
The magnitude of Q for a dislocations is in good agree- 
ment with that reported by Maeda and Takeuchi.5 
IV. DISCUSSION 
A. Generation of dislocation from a scratch 
There exists a critical stress for the generation of dis- 
locations from a scratch. The absence of dislocation gen- 
eration from a scratch under low stresses is observed also 
for dislocations in GaAs and InP doped with some kinds of 
impurities as reported by the present authors previously. 
This has been interpreted in terms of an immobilization of 
dislocations due to their being locked by impurity at- 
oms.1y2’4 In an analogous way, we may attribute the exist- 
ence of the critical stress for dislocation generation in the 
GaP crystal to the immobilization of dislocations due to 
the impurity segregation along the dislocations. Indeed, in 
our previous investigation of the deformation characteris- 
tics of GaP using the same crystal, we found that, though 
the deformation of GaP at low temperatures was con- 
trolled by dislocation processes common with other semi- 
conductors (such as Si and GaAs), at high temperatures 
deformation was characterized by the locking of disloca- 
tions due to impurities, i.e., the Portevin-LeChatelier phe- 
nomenon. l3 
A comparison of the generation stresses for a disloca- 
tions in GaAs, GaP, and InP crystals doped with S impu- 
rity is shown in Fig. 5, in which the generation stresses are 
pldtted against the temperature. Other types of dislocations 
in these crystals also show similar generation characteris- 
tics. As seen in the figure, S suppresses the generation of 
dislocations strongly in GaAs and GaP despite the concen- 
trations being more than ten times less than that in InP. S 
impurity atoms are known to occupy the P sites in GaP 
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and InP and the lengths of Ga-S and In-S bonds are 
shorter than those of Ga-P and In-P bonds, respec- 
tively, by 2%.i6 Thus, even if the same amounts of S atoms 
segregate along dislocations through the elastic interaction 
due to the size misfit, we expect the suppression effects on 
dislocation generation to be almost the same in GaP and 
InP. This is contrary to the experimental observations. Ac- 
tually, the dilfusivity of S atoms in GaP and GaAs is about 
ten times lower than that in InP.“,‘* Thus, S impurity in 
GaP and GaAs is thought to form agents that are very 
effective in locking dislocations compared with that in InP. 
The above misfit related to a S atom in GaAs or GaP gives 
rise to an elastic interaction energy of about 0.2 eV at most 
between a dislocation and an individual S atom. Such a 
small magnitude of interaction energy is never effective in 
suppressing the dislocation generation at elevated temper- 
atures. ’ 
We may conclude that the observed suppression of dis- 
location generation in the GaP crystal is attributed not to 
the interaction between a dislocation and individual S at- 
oms, but to that between a dislocation and some clusters or 
defect complexes including S impurity, as concluded in the 
previous articles on impurity-doped GaAs.ly2 It is thought 
that such clusters or complexes are more easily developed 
at the core of dislocation in GaP and GaAs than in InP. 
B. Dislocation velocities in compound 
semiconductors 
Many studies have been carried out to determine the 
velocity of dislocations of different types in semiconductors 
and most of the experimental data can be expressed by an 
empirical equation of the type of E?q. ( 1) . Such results are 
generally interpreted in terms of models in which the ve- 
locity of dislocations is controlled by the nucleation and 
subsequent expansion of double kinks. The motion of dis- 
locations in GaP is thought to be controlled by the same 
mechanism as those in other semiconductors. 
Figure 6 shows the velocities of dislocations under a 
shear stress of 20 MPa in some III-V compound semicon- 
ductors plotted against the reciprocal temperature together 
with those in elemental semiconductor Si.i9 The velocities 
of dislocations are those in undoped or low-doped crys- 
tal~.“~ First, note that dislocations in GaP move at a ve- 
locity between those in Si and GaAs. This observation is in 
good agreement with the estimation deduced from the 
analysis of effective stress obtained in the macroscopic de- 
formation of the crystal reported in the previous article.13 
Roughly estimating, dislocations move in GaP with veloc- 
ities about two orders of magnitude lower than in GaAs. 
It is seen in the figure that the velocities of dislocations 
in III-V compound semiconductors depend strongly on the 
type of dislocations. The velocity of a dislocations is higher 
than those of p and screw dislocations in GaP and GaAs, 
while the velocity of B dislocations is higher than those of 
a and screw dislocations in InP. Commonly in all III-V 
compounds screw dislocations are the slowest. The differ- 
ence in the velocities between P dislocations and screw 
dislocations in InP is smaller than that between a disloca- 
tions and screw dislocations in GaP and GaAs. 
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FIG. 6. I)islocation velocities in Gap, GaAs, InP, and Si under a resolved 
shear stress of 20 MPa plotted against the reciprocal temperature. The 
marks ‘WI”, “s”, “a”, and “p indicate 60”, screw, a, and fl dislocations, 
respectively. 
Taking into account the velocities of dislocations in 
InAs reported by Choi, Mihara; and Ninomiya,20 it is con- 
cluded that in III-V compound semiconductors, disloca- 
tions move faster in In-V crystals than in Ga-V crystals, 
whereas dislocations move faster in III-As crystals than in 
III-P crystals. This observation suggests that the disloca- 
tion mobility in III-V compound semiconductors decreases 
with an increase in the homopolar energy gap defined by 
Phillips, which is shown in Table I.16 
V. CONCLUSION 
The dynamic activities of a, p, and screw dislocations 
in a GaP crystal doped with S have been investigated as 
functions of stress and temperature by means of the etch 
pit technique. Generation of dislocations from a surface 
scratch is suppressed at temperatures higher than 500 “C 
and is attributed to the locking of dislocations by S, as 
observed in GaAs and InP. S impurity immobilizes dislo- 
cations-in GaP and GaAs more effectively than in InP. 
a dislocations move faster than p or screw dislocations 
in Gap. The velocities are expressed by an empirical equa- 
tion as a function of the stress and the temperature similar 
to that which has been found in other semiconductors. 
TABLE I. Homopolar energy gaps in some III-V comp0unds.l 
Crystal 
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Dislocations in GaP move in a velocity range between that 
found in Si and that found in GaAs. Roughly speaking, 
dislocations in GaP move with velocities about two orders 
of magnitude lower than those in GaAs. 
Suppression of dislocation generation and mobility of 
dislocations obtained in the direct method are in good 
agreement with our previous conclusions deduced from the 
analysis of macroscopic deformation characteristics of the 
crystal. 
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